In the present investigation, some novel magnetic behaviors exhibited by double perovskite (DP) Eu2CoMnO6(ECMO) has been reported. XRD analysis of ECMO showed that it has a monoclinic crystal structure (space group P 21/n). A second-order magnetic phase transition as a sudden jump in the magnetization curve has been observed at 124.5 K. This is related to the paramagnetic to ferromagnetic/E*-type antiferromagnetic phase transition due to the competing Co-O-Mn exchange interactions. A clear low-temperature compensation point followed by negative magnetization is observed in the zero-field-cooled curve of the sample, suggesting the formation of canted ferromagnetic domains or antiparallel spins and clusters that are separated by an antiphase boundary. The large bifurcation between the ZFC and FC curves has been observed, suggesting strong spin frustration is present in the system. More interestingly, sharp multiple steps in magnetization are observed in M-H curve at 2 K and observed only in the forward field-sweep direction which vanishes on increasing temperature. Moreover, prominent smaller peaks immediately above the long-range ordering temperature are observed suggesting the presence of preformed percolating clusters which eventually gives rise to Griffiths like phase which is seen in DC as well in AC susceptibility.
INTRODUCTION

RESULTS AND DISCUSSIONS
The X-ray diffraction of ECMO taken at room temperature with Lebail refinement is shown in fig. 1 . From the analysis, it was observed that the crystal Lebail fitting match well to a monoclinic crystal structure with a space group P21/n and no other phases were observed.
Thermal (T) variation of magnetization (M) in zero fields and field cooling (ZFC and FC) of ECMO sample at the different applied field (100 Oe, 1000 Oe, 10000 Oe, 20000 Oe, 30000 Oe) was taken while warming (ZFCW and FCW data) as shown in fig. 2(a) . The large bifurcation between the ZFC and FC curves has been observed, and the magnitude of bifurcation increases as applied field increased from 100 Oe to 2T and then it gets decreased at 3T. The differences between M-T curves under the same FC-ZFC applied magnetic fields might be expected due to the presence of spin frustrations which signify a typical spin-glass. However, it is not a sufficient feature of typical spin-glasses, so it alone does not prove spinglasses behavior, which can also arise from the domain structure of a ferromagnetic material or due to magnetic anisotropy. In order to clarify this issue, we have performed ac susceptibility measurements with different frequencies which are shown in fig. 4 , and are discussed later in this paper.
Further, from fig. 2 (a) it is clear that ZFC magnetization of the ECMO has only a small narrow maximum with a cusp at a temperature Ta ~123.2 K at 100 Oe and at ~120.3 K at 1000 Oe fields. Further, these maximal's gets broaden at the higher magnetic field (1T, 2T, 3T) and exhibits a plateau-like anomaly along with a shift in cusp temperature (Ta) towards lower temperature as magnetic field increases (H), and Ta α H. This might be due to a competition between the local anisotropy and the effect of the external field stand-in on the spins, and the cusp at temperature Ta is the temperature where the two energies are almost of equal magnitude i.e. anisotropy energy and the energy caused by the external field. The belllike behavior around Ta correlates with the coexistence of low-temperature E*-type AFM & FM and high-temperature E*-type AFM/FM to PM transformations in the sample. Through Curie-Weiss (CW) analysis of FC magnetization using the CW relation, = −
---(1)
and C= µ ⁄ ---(2) We found an effective paramagnetic moment value of µeff = 7.7µB, and Curie-Weiss temperature, TCW was found to be around 98 K, implying a dominant ferromagnetic phase due to Co 2+ -O 2--Mn 4+ exchange interactions in the sample while few anti-ferromagnetic phase due to Co 2+ -O 2--Co 2+ and Mn 4+ -O 2--Mn 4+ which can be explain by the Goodenough-Kanamori rules [27] [28] . Further TCW < TC which is insignificant if we consider it due to some quantum fluctuation, so it might be due to competition between FM and AFM exchange interactions. The magnetization data for T> 200K (~2TCW) was used for the CW analysis.
A clear low-temperature compensation point followed by negative magnetization is observed in the low zero field-cooled curves of the sample. This may be due to several reasons like formation of canted ferromagnetic domains or anti-parallel spins and clusters that are separated by anti-phase boundary, residual trapped magnetic field in solenoids of the superconducting magnetometer, presence of diamagnetic Co 3+ ions, as well as dominating anti-ferromagnetic clusters of transition metal ion pairs and anti-ferromagnetically coupled rare earth magnetic moments at low temperature. Further, from M-T curve it was concluded that ECMO is completely paramagnetic at the higher temperature (above 200 K). There is a sudden increase in magnetization below the temperature 124.5 K (which is temperature TC, where the derivative of MZFC-T curve exhibits a maximum shown in fig. 2 (b)) for 1000 Oe applied field. This is a sign of magnetic transition at temperature TC, and it was found that transition temperature increases as we go towards higher applied ZFC and FC M-T curves, TC α H 2/3 , which is shown in figure 2(b). Between temperature ranges, 124.5 to 200 K nature of magnetic state were understood by inverse DC susceptibility (χ) vs. temperature curve at different applied fields. It has a slight down-turn deviation from linear variation (C-W behaviour) below 200 K (TG) and above magnetic ordering temperature ~125 K. From this it was concluded that there is nucleation of small but finite sized correlated regions and clusters having short-range magnetic ordering within paramagnetic matrix which is the signature behavior of Griffiths like phase [35, 36] .
The isothermal magnetizations vs. field curves of ECMO at different temperature are shown in fig. 3 (a). The magnetization isotherms at 2 K displays sharp steps and at higher temperature sharpness of these steps disappear. These jumps are seen only while increasing field i.e. for 0T to 5T and are absent in decreasing field i.e. for 5T to 0T due to slow spin relaxation and re-appear in subsequent negative field direction i.e. for 0T to -5T followed by a large remanence and coercivity. In some multiferroic like Ca3CoMnO6 field-induced, sharp jumps is assume to be due to spin flop transition from E*-type magnetic ordering (↑↑↓↓) to the ↑↑↑↓ Mn 4+ (high spin state, S = 3/2) at first critical field HC1 and to↑↑↑↑ with Co 2+ (low spin state, S = 1/2) at second critical field HC2 fields. Similarly, people were trying to explain the origin of metamagnetic transition due to the field-induced spin reorientation of Co and Mn ions in Y2CoMnO6. But the amount of discontinuity in Y2CoMnO6 was not consistent with the spin flop of Co 2+ (high spin S = 3/2) to the ↑↑↑↑ magnetic structure at second jump [37] . A similar problem can be seen in ECMO too. Other than this, there is an increase and decrease of the number and step size when we change the sweep rate of the external magnetic field. So here we can't say field-induced spin flop may be a possible origin of MMT. However, these discontinuous jumps in magnetization might be due to spin flopping and magnetic-field-induced lattice distortion (martensitic-like transition) in the sample, give rise to transition between the AFM and FM states i.e. meta-magnetic transition, obtained for certain critical value of the external magnetic field. The reason behind this martensitic like-transition is strong lattice distortion by an external magnetic field via magneto-elastic coupling giving rise to crystallographically distorted FM phase. Due to this distortion, an elastic strain develops at the FM/AFM anti-phase interface. The FM phase advances when an external magnetic field is applied, but magneto-striction energy (the energy which opposes the interfacial/martensitic strain) go up against this to stop the expansion of the FM phase.
However, while cooling the sample in zero field modes, at a lower temperature, it may be possible that the AFM ordering will lead along with little FM clusters separated by an antiferromagnetic, antiphase boundary(APB). The main reason behind the pinning of Co-O-Mn ordered FM domains in antiparallel is strong AFM Co-O-Co or Mn-O-Mn interactions across the APB would orient neighboring FM domains in antiparallel [37] . For the case, when we increase the magnetic field during the isothermal magnetization process, the FM domain will try to grow, however, due to opposing forces, there is a small change in the magnetization. At a critical field HC1, the energy of the external field is so high so that it can overcome the magneto-striction energy related to the FM/AFM anti-phase boundary and some of the spins from AFM domain flop along the field direction, giving rise to a sudden increase in magnetization. This process leads to an increase in elastic energy and decrease in the magneto-static energy, a balance which can show the way to the system to go in another metastable state. As we further increase the external magnetic field it will reach to another critical value HC2, so that it again flop few spins and cause the second step in isothermal magnetization. Thus overall transitions proceed by successive jumps between one metastable states to another.
For more physics underlying this, we saw the magnetization jumps by changing the sweep rate of the magnetic field. Fig. 3(c,d) is showing the first cycle of the M-H curve recorded for two different sweep rates of the applied field (60 and 15 Oe/sec) with ZFC condition. For 60 Oe/s sweep rate the jump is observed at a critical field (HC) ~ 28660 Oe and when we decrease the sweep rate to 15 Oe/s, it gets shifted towards the higher field HC ~ 29950. High sweep rates act as a triggering signal and strain-induced propagates quickly and converts to the FM phase. While for low sweep rate, the lattice has sufficient time to settle in the induced strains. As we increase the magnitude of the sweeping field more and more volume fraction of the sample converts to FM phase at the expense of AFM background.
From figure 3(b) it is clear that at low sweep rate and high magnitude of the sweeping field we get more but small steps. It might be because of at higher field (It can be seen by taking FC isothermal magnetization data, here we have shown in fig. 3 (c) a isothermal magnetization curve by cooling the sample in 3T DC magnetic field.) we have large amount of FM phase (while at low field there is dominant AFM phase) and large induced strain at AFM/FM anti-phase boundary. At low sweep rate sample has sufficient time to get a feel for increasing field and give rise to a large number of small steps while at high sweep rate system it has lesser time to acclimatize the field-effect and hence gives a small number of large steps.
Another interesting feature was seen by taking the isothermal magnetization curve by cooling the sample in 1T DC magnetic field, just after taking isothermal magnetization curve by cooling the sample in 3T DC magnetic field. Here we are able to see that there is large magnetization even at zero field, which is induced due to sample was cooled in large DC field earlier than 1T, which means that it has a large memory effect.
For more information regarding spin-structure, we have gone for ac susceptibility. Here, again similar unusual sharp peak in AC susceptibility was observed near TC, more interestingly this peak suppressed, broadens and splits into two maxima with increasing under influence of DC bias. The peak which is at the higher temperature, Thigh shifts towards the higher temperature side on increasing DC bias. It is to be noted that there is a similar variation in TC obtained by the M-T curve which shifts towards the high-temperature side as we go for high field ZFC/FC curves. This is consistent with the shift of the Thigh with the external dc magnetic field, which is recognized to be the presence of critical fluctuations associated with a continuous transition to a ferromagnetic state. While the peak which is at a lower temperature, Tlow shifts towards the lower temperature side on increasing DC bias. In phase component of AC susceptibility is expected to be constant below the PM to FM transition temperature in FM material. However, in a few magnetic oxide systems in which the finite size of FM and AFM clusters coexist, χ'(T) decreases below the transition. This phenomenon is known as Hopkinson effect, something which is related to magnetic anisotropy/inhomogeneity. Change in magnetic anisotropy arises on decreasing temperature due to continuous change in size and shape of FM clusters below the transition. Hopkinson effect is attributed to the competing spin-spin correlations and large anisotropy field compared to the measurement field which can be explained by the following relation,
χ'(T) α MS 2 (T)/K(T) ---(3)
where MS(T) is the spontaneous magnetization and K(T) is the anisotropy energy of the system at a particular temperature T. At a temperature slightly below TC the FM spin-spin correlations become stronger and the go-ahead to a large spontaneous magnetization (MS). Second, in favor of a typical spin-glass, the peak gets suppressed and peak temperature (TP)
shifted towards lower temperature with an application of the DC magnetic field as the applied field gets in the way to the spins to freeze. Again we have fitted TP(K) for different DC fields, H 2/3 . It follows the de Almeida-Thouless (AT) line,
TP(H) = TP(0)(1−AH 2/3 ) ---(4)
Where A is some constant, TP(0) and TP(H) is the value of TP in the absence of DC bias and with DC bias, and thus it is in favor of the existence of the volume spin-glass-like behavior [38] [39] [40] . And this is also agreed with what is expected i.e. mean-field scenarios which are already reported [35] . Further, fig. 4 (e,f) is showing the thermal variation of AC susceptibility, at a fixed AC field =3 Oe and DC field = 750 Oe with different AC frequency. Fig. 4 (e) shows that the peak of the in-phase component of AC susceptibility which is at lower temperature side gets incite and slight shift towards lower temperature at a lower frequency. Since spins can follow even small frequency so we can say these peaks might be due to slow spin relaxation. In contrast, the origin of the higher temperature side peak is something different, which might be due to what we expected i.e. long-range ordering and of course might be due to magnetic transition.
XPS STUDY
Further, to explore magnetic properties much more, we need to look at electronic structures and valence states of elements present in the system. For this, we have carried out X-ray photoemission spectroscopy (XPS) measurement, which is shown systematically in Fig. 5(a-h) . The wide-surface-scan XPS spectra of the ECMO sample is shown in Fig. 5(a) and all peaks are allocated according to the National Institute of Standards and Technology (NIST) database. From here we can see the existence of Eu, Co, Mn and O at the surface.
Moreover, the only presence of the C impurity at 284.7eV was detected in the spectrum, as it always gets absorbed from the air at the surface of the sample. The core-level Eu3d XPS spectrum region of ECMO is shown in Fig. 5(b) XPS spectra (Fig 5(g) ).
The core-level Co2p peak fitted XPS spectrum of ECMO is shown in Fig. 5(c) . Due to spin-orbit coupling, it has two narrow intense peaks centered around 779.7 eV (2p3/2) and around 795.4 eV (2p1/2) corresponds to Co 3+ states [43, 44] . And other due to deconvolution, relatively broad intense peaks of Co 2+ states centered around 781.1 eV corresponds to 2p3/2 and around 797.1 eV corresponds to 2p1/2. Additionally, two peaks around 786.2 eV & 802.5 eV were observed which corresponds to shake-up satellite peak and they are very sensitive to valence states of cation, the coordination number of ligands, etc. The relative concentration of Co 2+ states was calculated to be about 59% and that of Co 3+ states about 41% respectively. The core-level Co3s peak fitted XPS spectrum is showing a intense peak around 100.6 eV ( Fig. 5(e) ) and a buried peak about 106.2 eV which arises due to the exchange interactions among the core hole and the open 3d shell [45, 46] .
Similarly, the core-level Mn2p spin-orbit coupling spectra show two peaks corresponding to Mn2p3/2 and Mn2p1/2 respectively with a doublet separation of ~12 eV ( Fig.   5(d) [47] . Further, these Mn valence states were verified more quantitatively by taking Mn3s XPS spectra. It gives Mn valence states about 3.7+ and hence supports mix valency which is seen in Mn2p XPS spectra.
CONCLUSION
In summary, it can be concluded that DP ECMO, prepared by the conventional solidstate reaction method has a strong magnetic frustration due to different competing Co-O-Mn exchange interactions. From inverse DC susceptibility it can be seen that there is the signature behavior of Griffiths like phase. From the isothermal magnetization curve, it was concluded that ECMO shows an MMT at a lower temperature due to the pinning of FM domains by antiferromagnetic antiphase boundaries. AC susceptibility measurement shows a sharp peak in the AC susceptibility near TC. In phase component of AC susceptibility gets broaden and split into two peaks under DC biased which is similar to: (1) Hopkinson peak and might be due to the competing spin-spin correlations and large anisotropy field. (2)The peak which is at lower temperature side take over at lower frequency so it may be due unusual slow spin relaxation. Again from out of phase component of AC susceptibility with DC biased showed a shifting of peak temperature, which proves the existence of the volume spin-glass-like behavior and fallow mean-field scenarios. Analysis of XPS measurement shows the existence of mixed valence states of transition metal ions (Co and Mn). 
